Objective: Menopausal hot flashes compromise the quality of life for most women. The physiological mechanisms underlying hot flashes remain poorly understood, and the absence of an animal model to investigate hot flashes hinders investigations in this field.
M enopause occurs when the ovaries cease causing menstrual cyclicity due to the loss of follicular function. This cessation occurs around the age of 50 years for most women. 1 The relatively young age of onset can make symptoms associated with menopause especially problematic because they may significantly interfere with the lifestyles of those affected. Perhaps the most problematic of these symptoms is the hot flash. Approximately 75% of women going through menopause experience hot flashes. Hot flashes usually occur multiple times per day and can persist for several years after the onset of menopause. Flashes are characterized by rises in skin temperature caused by abnormal vasodilation. 2 It is also noteworthy that most men who undergo either chemical or anatomical orchidectomy experience hot flashes. 3 The dearth of information on the mechanisms driving hot flashes 4 necessitates further research. As stated at a 2004 National Institutes of Health workshop on hot flashes, 5 few animal models have been developed to study hot flashes. Furthermore, it has recently been argued that serious risks, such as a greater incidence of cardiac pathologies and ischemia, 6, 7 are associated with steroid replacement therapy. These potential risks serve to amplify the need for research into the pathology of hot flashes with the intent of finding nonsteroidal treatments. The need for extensive study, paired with the practical and ethical restraints of human research, clearly defines the need for an effective, easy-to-use animal model to study hot flashes. Specifically, an animal model in which peripheral skin temperature measurements can be taken without stress to the animal during various experimental manipulations is vital. Ovariectomized ewes also show cyclical changes in subcutaneous skin temperature. 8 These rises in skin temperature may be considered hot flashes, and thus, the ewe may be an appropriate model for research on hot flashes. Accordingly, our first objective was to develop a model system in sheep that could reliably detect peripheral temperature changes using a known febrile response.
It is clear that hot flashes are related to the loss of the gonadal steroids, 9 which accompanies either menopause or ovariectomy, and steroid replacement therapy is the most effective treatment for hot flashes. 10 However, declining levels of steroids do not seem to be a direct cause of the vasomotor symptoms associated with hot flashes. 11 Indeed, although several hypotheses exist, the causative mechanism(s) behind hot flashes remains unknown. Most hot flashes are accompanied by an abnormal rise in core body temperature. This core temperature change is hypothesized to initiate vasodilation, leading to the sensation of heat that is associated with flashes. 12, 13 The cause of the initial rise in core temperature remains unidentified. Abnormalities with several hormonal and neurotransmitter systems, known to be regulated by gonadal steroids, have been hypothesized to play a role. These systems include the gonadotropins, 14 endogenous opioids, 15 and catecholamines. Gonadotropin-releasing hormone (GnRH) may also be involved. GnRH has an established role in stimulating the pituitary gland to cause the biosynthesis and release of gonadotropins. There is also a striking correlation between luteinizing hormone (LH) pulses and hot flashes, 16/18 which raises the possibility that hot flashes may be causally related to the pulsatile secretion of GnRH. It is noteworthy that LH per se is not involved in hot flashes: hypophysectomy 19 and GnRH agonist therapy 20, 21 both eliminate endogenous LH, but hot flashes persist or are induced. Few studies have investigated the precise role of GnRH. There is increasing evidence that GnRH has a variety of extrapituitary roles, especially within the brain. Support for this role in mammals includes the detection of GnRH-binding sites, 22 GnRH-receptor mRNA, 23 and GnRH-receptor protein 24, 25 ; the ability of GnRH to elicit behavioral changes 26 ; and evidence that GnRH can affect the electrical properties of neurons. 27 Few studies have investigated the human brain. However, GnRH receptors are clearly evident in the human brain 28, 29 and in neuronal cell lines of human origin. 30 Initial studies have shown GnRH-receptor expression in hippocampal and neocortical neurons, specifically in the entorhinal cortex and occipitotemporal gyrus, 31 but apart from these data, the precise distribution of GnRH receptors in the human brain remains undetermined. The high prevalence of GnRH receptors within the mammalian medial septum and preoptic region, 24 both temperature-regulating areas of the brain, adds further credence to the hypothesis that GnRH may play a role in hot flashes. 32, 33 Furthermore, GnRH-secreting neurons known to be regulated by estrogen are highly present in both of these regions, 34 and gonadotropin secretion is known to be altered in women after menopause, suggesting an alteration in GnRH secretion. 35 GnRH secreted into the hypophyseal portal system has also been directly shown to differ between older and younger primates. 36 It is therefore possible that deregulation of local GnRH secretion into the preoptic region and medial septum after a loss of estrogen feedback after menopause or gonadectomy may be responsible for deviant actions of these neural regions. We hypothesized that the deviant actions of GnRH may cause the core temperature changes associated with hot flashes. Thus, the second objective of the study was to determine the effect of GnRH on peripheral temperature changes.
METHODS Experiment 1: development of a model to study peripheral temperature changes
Adult Rambouillet X Columbia ewes (n = 6) that were in the anestrous season (April-July) were housed in outdoor pens under natural photoperiod and fed a mixture of hay and concentrate. Animals were fed daily with hay and had free access to water. During temperature measurements, animals were moved in pairs to indoor pens under a 12-hour light/ dark photoperiod (lights off: 1800 h), and the indoor temperature was maintained at 18-C. Procedures were approved by the University of Wyoming Animal Care Committee (IACUC #A-3126-01).
Portable data loggers (Mini-Mitter Inc., Bend, OR) were wired to three small temperature-sensitive probes. These data loggers have been previously used to record bovine tympanic temperatures. 37 Loggers were programmed to record temperatures every 30 seconds. A 4 Â 4-cm section of wool was shaved off each ewe at the lower half of the back the ear, the upper section of the cheek, and the middle of the abdomen. Temperature probes were superglued to these sections of bare skin (Fig. 1) . The wires and data loggers were secured by wrapping the sheep in lightweight netting and athletic wrap. An additional probe recorded heart rate.
After mounting of loggers and temperature leads, sheep were left alone for at least 4 hours before any recording. A crossover design was used so that each ewe received each treatment: either intravenous saline (control to observe temperature changes in response to handling) or lipopolysaccharide (LPS; 200 Kg/kg). LPS is a well-known pyrogen 38, 39 and was used to determine if the sensors were capable of detecting skin temperature changes. Preliminary observations recorded a slight decrease in skin temperature each evening as the animals began to rest, indicative of a circadian rhythm. Thus, all injections were performed at approximately 9 PM. Baseline temperature was recorded every 30 seconds for 5 hours preinjection and then measurements were recorded for a further 10 hours postinjection.
Experiment 2: effect of GnRH on peripheral temperature
Adult Rambouillet X Columbia ewes in the anestrous season (April-July) were ovariectomized (n = 6) or ovariectomized and simultaneously administered a subcutaneous 1-cm Silastic estradiol implant (n = 6), which produces a basal circulating concentration of 2 to 4 pg/mL of estradiol. 40 Temperature probes were prepared as for experiment 1. Baseline temperature was recorded every 30 seconds for 1 hour and then ewes were injected with either GnRH (1 mg bolus) or saline. A crossover design was used so that each ewe received each treatment. Temperature measurements were recorded for 5 hours after the injection. As previously mentioned, injections were performed at approximately 9 PM. We have recently shown that a 1-mg bolus injection of GnRH is required to elevate cerebrospinal fluid/GnRH concentrations to physiological concentrations. 41 Specifically, peak physiological concentrations of GnRH range from 5 pg/mL during pulses to more than 100 pg/mL during the LH surge, 41/43 and 1 mg intravenous GnRH elevates cerebrospinal fluid/GnRH concentrations to 38.5 T 10.6 pg/mL. 41 
Data analysis
Skin temperatures varied according to animal and location (Fig. 2) . Thus, for data analysis, all temperature measurements for each ewe were standardized relative to the mean temperature in the 1-hour period before the injection. Data were pooled in 1-hour periods and statistically analyzed by two-way repeated-measures analysis of variance.
RESULTS

Experiment 1: development of a model to study peripheral temperature changes
Although occasional responses to LPS were noted in heart rate (Fig. 1A , upper left panel) and abdominal temperatures (Fig. 1B, lower right panel) , for the group, there was no significant effect on heart rate (Fig. 3, bottom right) or abdominal skin temperature (Fig. 3, top left) . There was also FIG. 2. Changes in heart rate (A), abdomen temperature (B), ear temperature (C), and cheek temperature (D) in two representative ewes after an intravenous injection of 0.9% saline (vehicle; n = 6; left) or LPS (n = 6; right). LPS, lipopolysaccharide. no significant effect of LPS on cheek temperature (Figs. 2D and 3, top right). In contrast, LPS injection caused a significant (P G 0.001) and consistent change in skin temperature at the ear (Figs. 2C and 3, bottom left) . The LPS-induced temperature changes followed a consistent pattern involving a series of transient falls and rises, which were initiated almost immediately after the LPS injection.
Experiment 2: effect of GnRH on peripheral temperature
The ear temperatures showed no significant changes in response to the injection of GnRH relative to control injections in both the no-estrogen and low-estrogen groups of animals (Fig. 4) . Cheek and abdomen skin temperatures also remained unchanged (data not shown).
DISCUSSION
LPS has been well established as a reliable fever inducer acting through the actions of interleukin-1 to activate the arachidonic acid/prostaglandin pathway. 38, 39 The mechanism used by LPS to induce skin temperature changes is most likely different from the mechanisms that cause hot flashes. However, the ability of the portable data loggers to detect LPS-induced changes in skin temperature demonstrates their potential ability to detect experimentally induced vasodilatory events. Thus, the model system that we have developed may be useful to study the etiology of skin temperature changes.
As recently noted, 5 there are few available animal models to study hot flashes. Ovariectomized, morphine-dependent rats exhibit rises in tail temperature during antagonistinduced opiate withdrawal. 44 In addition, ovariectomized mice that are forced to exercise exhibit similar changes. 45 Temperature effects in both models are dependent on ovariectomy and are tempered by exogenous estrogen. Nonhuman primates have also been used to study menopause and hot flashes. They hold the advantage of possessing reproductive cycles and basic physiology that is similar to humans. Indeed, several species seem to undergo a natural menopause. 46 In a study on two ovariectomized female monkeys, cyclical rises in forehead skin temperature resembling hot flashes were observed. This effect was reduced in response to exogenous estrogen. 47 Although monkeys hold great potential as model systems to study hot flashes, few facilities are available for this research. It is noteworthy that ovariectomized ewes have already been used as a model of postmenopausal bone loss, an effect partially corrected through estrogen therapy. 48 Our system could improve on the detection of skin temperature changes in ewes in several ways. First, our system measures external temperature and is therefore more relevant to human hot flashes. Second, in the previous study examining potential hot flashes in ewes, 8 loggers were placed on the inside of the axilla and thigh. Our system allows placement of temperature sensors in more appropriate heat-loss areas such as the cheek and ear. Finally, the loggers in the previous study could only take measurements once every 150 seconds, whereas the system used in the current study can acquire data every 30 seconds allowing for more potential data points within the time course of hot flashes.
LH pulses, which are induced by GnRH, are precisely correlated with the occurrence of hot flashes in humans. 16/18 Lomax et al 49 detected a significant effect of high-dose GnRH (1 Kg) injections into the preoptic area on skin tail temperature in the rat. 49 Similarly, Hosono et al 50 reported that GnRH administered into the hypothalamic septal area affects rat tail and paw vasodilation in response to warming of the preoptic area. We tested the hypothesis that GnRH may play a critical role in thermoregulatory events in sheep by measuring skin temperature changes in ewes with low levels of serum estrogen after large bolus injections of GnRH. In contrast to the significant changes we observed in response to LPS, GnRH was without effect.
Some caveats between the present experiments and the actual occurrence of menopause must be considered before GnRH, as a potential candidate, is excluded in the sheep. First, the number of ewes used in the current study is small (n = 6 per condition), and it is possible that only substantial changes, such as those induced by LPS, may be statistically detectable. However, given the complete absence of any perturbation in temperature after the 1-mg GnRH injection, we consider this unlikely. Second, it is arguable that hormonal changes occur at vastly different rates during menopause in comparison to the rate at which those changes would have occurred during our experiments. The perimenopausal period seems to be associated with gradual changes in the levels of several hormones including a gradual rise before a decline in the level of estrogen. 51 Estrogen acts on a wide variety of neural systems, many of which may interact with GnRH neurons. 52 Thus, during gradual estrogen loss, cellular changes within many different neuronal systems would take place slowly. Some of these changes may cause gradual downstream effects on the secretion of GnRH onto temperature-regulating neurons. Within the ewes examined, estrogen was suddenly lost; therefore, it did not properly imitate the estrogen profile of perimenopausal and postmenopausal women. However, individuals who undergo gonadectomy often still experience hot flashes. 3 The experiments performed in the absence of supplemental estrogen may have more closely resembled hot flashes occurring from this kind of steroid loss. Third, there may be a difference between our experiments and what may occur in vivo in the exposure of the medial septum and preoptic regions to GnRH. Although we have shown recently that IV-injected GnRH crosses the blood-brain barrier, 41 we do not know how much of this GnRH reaches specific neural tissues. In this context, it was shown in the rat that high doses (2 Kg) of GnRH administered into the septal area lowered the threshold hypothalamic temperature for skin vasodilation, whereas intracerebroventicular GnRH had no effect. 50 Furthermore, it is not known whether the level or rate at which GnRH accesses these regions resembles that of postmenopausal women or gonadectomized individuals.
CONCLUSIONS
In summary, we have developed a model system in the ewe that can accurately detect small changes in peripheral skin temperature. This system has the potential to be extremely useful in future studies investigating the pathology of hot flashes and holds several advantages over previous model systems used for this work. Our study does not support the hypothesis that GnRH per se is involved in thermoregulatory events.
